Hexagonal boron nitride (h-BN) is a large bandgap insulating isomorph of graphene, ideal for atomically thin tunnel barrier applications. In this letter, we demonstrate large area chemical vapor deposited (CVD) h-BN as a promising spin tunnel barrier in graphene spin transport devices. In such structures, the ferromagnetic tunnel contacts with h-BN barrier are found to show robust tunneling characteristics over a large scale with resistances in the favorable range for efficient spin injection into graphene. The non-local spin transport and precession experiments reveal spin lifetime %500 ps and spin diffusion length %1.6 lm in graphene with tunnel spin polarization %11% at 100 K. The electrical and spin transport measurements at different injection bias current and gate voltages confirm tunnel spin injection through h-BN barrier. These results open up possibilities for implementation of large area CVD h-BN in spintronic technologies. V C 2014 AIP Publishing LLC.
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With outstanding electronic transport properties, graphene has been anticipated to play a prominent role in the future nanoelectronic and spintronic applications.
1 The prospect of graphene for spintronic devices emerges primarily from its inert nature to the spin of an electron. A low spinorbit coupling together with a negligible hyperfine interaction have led to predictions of extremely long spin relaxation length and spin lifetimes in graphene.
2 Since the room temperature experimental demonstration of spin transport and precession in graphene, 3 the field of graphene spintronics has witnessed several advancements. [4] [5] [6] [7] [8] [9] Enhancements in spin lifetimes of several hundred picosecond and diffusion lengths of more than 4 lm have been reported using high mobility graphene device schemes. 8, 10 Similar enhancements have also been achieved through modification in a novel component of a spintronic device, called the tunnel barrier. The tunnel barrier is an ultrathin insulating layer, which when introduced between a ferromagnetic spin injector and graphene offers a solution to the abrupt conductivity mismatch at the interface, facilitating the spin injection to a great extent. 11, 12 Conventional oxide barriers such as Al 2 O 3 , TiO 2 , and MgO employed in majority of the studies 3,5-7,13 so far have limitations related to pin holes and interface roughness, which contribute significantly to the spin relaxation. 5, 14, 15 In the quest for improved interfaces, atomic layers of insulating two dimensional crystal based barriers such as hexagonal boron nitride (h-BN) have been proposed theoretically with novel predictions. [16] [17] [18] [19] Two dimensional (2D) h-BN is an ideal crystal for tunnel spin injection, because of a relatively large band gap ($6 eV) compared to other insulating layered crystals. 20, 21 Recent report by Yamaguchi et al. 22 on spin injection into graphene using exfoliated h-BN revealed rather low spin lifetimes of 55 ps in graphene with tunnel spin polarization $1%-2%, values similar to that observed for transparent contacts. 5 The observation of such low values was attributed to low resistance of the tunnel contacts in their experiments, which do not address the conductivity mismatch appropriately. Thus efficient spin injection along with the possibility of observation of high spin lifetimes using 2D crystals h-BN still remains an experimental challenge. In this letter, we report an order of magnitude enhancement in spin lifetime in graphene and tunnel spin polarization using large area chemical vapor deposited (CVD) h-BN.
To demonstrate the viability of CVD h-BN as a tunnel barrier for spin injection into graphene, we fabricated lateral spin transport devices of graphene with ferromagnetic Co electrodes having a CVD h-BN interface layer. The scheme of a non-local 3 graphene/h-BN van der Waals heterostructure spin transport device is presented in Fig. 1(a) . We employed CVD h-BN (procured from graphene supermarket) on copper substrate with large coverage area. The CVD h-BN on copper foil was first spin coated with a thick layer of polymethyl methacrylate (PMMA) resist. The copper layer was then etched away in a solution of FeCl 3 , followed by cleaning in 10% HCl and deionized water. The h-BN layer supported by the PMMA resist was then transferred onto graphene flakes exfoliated on SiO 2 /Si chip. Post transfer and drying, the chip was baked at 150 C for 10 min to improve the adhesion of the transferred film. The chip was finally cleaned with acetone to remove the PMMA resist layer and further annealed at 400 C in Ar/H 2 atmosphere to remove any possible polymer residues. A first step of ebeam lithography was performed to pattern h-BN to regions covering graphene flakes. The ferromagnetic Co/Au (65 nm/ 15 nm) electrodes were then fabricated by a 2nd step of ebeam lithography, followed by metal evaporation and liftoff. In Fig. 1(b) , we present an optical microscope image of a fabricated device clearly showing a patterned layer of h-BN covering a graphene flake with top Co/Au contacts. A schematic representation of the device fabrication process is displayed in Fig. 1(c) . Prior to spin transport experiments, we electrically assessed the quality of our devices in different measurement configurations. Efficient spin injection requires the tunnel barrier resistance to be in the optimum range as governed by the conductivity mismatch issue. 11, 12 The tunnel resistance in our devices was measured by three-terminal (3T) measurement geometry at different temperatures as shown in Fig. 2(a) . The measured current-voltage (I-V) characteristics are typical for tunnel barriers with weak temperature dependence having contact resistance R C $ 10 kX lm 2 . The gate dependence of the tunnel contact resistance (shown in the lower inset of Fig. 2(a) ) indicates a fairly stable resistance over a large range of gate sweep voltage. In Fig. 2(b) , we display the atomic force microscopy image of a region showing effective thickness of the CVD h-BN layer on SiO 2 /Si substrate. Some variation in the contact resistances was noticed, which can originate from the non-uniformity in thickness of h-BN layer. 20 In spite of local variations in thickness, the values of tunnel resistance found in our devices are typically higher than graphene channel spin resistance 23 and are in the optimum range (as estimated from the Fert-Jaffrès model 11 ) to circumvent the conductivity mismatch problem. 11, 12 The graphene channel resistance of $4.5 kX was measured in four-probe configuration, which showed regular gate modulation yielding a carrier mobility $2000 cm 2 Á V À1 Á s
À1
. In order to demonstrate tunnel spin injection through CVD h-BN barrier, we performed non-local (NL) spin valve and Hanle spin precession measurements. 3 The NL measurements ensure pure signal measurement devoid of other possible magneto-resistive signatures. In Fig. 3(a) , we show a typical spin valve signal obtained on a device by sweeping an in-plane magnetic field along the length of the electrodes. We obtained clear switching in the spin signal yielding a NL resistance change DR NL ¼ DV NL =I of 5 X between the parallel and anti-parallel configurations of the ferromagnetic injector and detector electrodes. The small asymmetry in switching fields observed between forward and backward sweep could be attributed to possible asymmetry/exchange bias in the injector and detector electrodes.
The value of spin signal is significantly higher than previous report using exfoliated h-BN barrier. 22 Next, we performed Hanle spin precession measurement to evaluate the spin lifetime s s and the diffusion length k in graphene. Here, we swept an out of plane magnetic field to achieve precession of the spin diffusing from injector to detector electrodes.
3 Fig. 3(b) displays the modulation of spin signal due to the Hanle spin precession in the 2 lm long graphene channel at 100 K. In order to evaluate the spin lifetime and the diffusion constant, we analyzed the data using the analytical expression (Eq. (1)) of spin precession encompassing the diffusion and the relaxation terms. where
h B ? (with Lande's g-factor g ¼ 2) is the Larmor frequency of spin precession in a perpendicular magnetic field B ? . With an effective length of the graphene channel L ¼ 2 lm, we obtained a spin lifetime s s % 500 ps and a diffusion constant D ¼ 0.005 m 2 s À1 yielding a spin diffusion length k ¼ ffiffiffiffiffiffiffi ffi Ds s p of 1.58 lm. The observed spin lifetime is nearly ten times higher than the previous report of exfoliated h-BN layers 22 and is comparable to some of the best spin lifetimes observed using conventional oxide tunnel barriers. 4, 8, 14 Spin valve measurements performed with several injection bias currents show reasonably linear enhancement of spin signal as shown in Fig. 3(c) . To estimate the spin polarization of our contacts, we utilized the exponential decay 3 of the spin signal in a channel with conductivity r and width W, described by
We obtained spin polarization P up to 11% for 2 lA of injection current (Fig. 3(d) ). Note that except for a few occasional reports of high spin polarization created in graphene (P $ 30% with MgO based barriers 4 ), the routine values lie mostly below 15%. 24, 25 The value obtained using our 2D CVD h-BN barrier is an order higher in magnitude than what has been obtained on transparent contacts and earlier exfoliated h-BN reports. 22 A systematic investigation showing the enhancement of spin signals from transparent contacts to high resistance h-BN is presented elsewhere. 26 At low bias voltages (<6120 mV), we observed a change of 10%-20% in polarization on either side of the maxima. Such change in spin polarization is similar to the values generally observed in MgO and Al 2 O 3 based magnetic tunnel junction in low bias regime. 27, 28 In addition, as shown in Fig. 3(e) , we also observe a variation in the spin signal with gate voltage, a decrease of spin signal %10% at higher gate voltages. Such behavior is typical for spin tunnel barriers with resistance much higher than graphene channel resistance. 4 The spin parameters obtained in our device indicate that an improved performance can be achieved employing CVD h-BN tunnel barriers. The fabrication process also does not involve unintentional doping of graphene near the contacts, an issue that remains unaddressed with conventional metal oxide barrier deposition. In comparison to graphene based barriers, [29] [30] [31] [32] [33] h-BN has relatively higher bandgap, which underscores its importance in 2D crystal based future spintronic devices. Such tunnel barriers together with schemes of improving graphene channel transport properties 8, 10 and fine tuning of the tunnel resistance can potentially lead to further enhancements in the performance of spintronic devices. In addition, our work demonstrates that tunnel interfaces suitable for spin injection at a large scale can be achieved using CVD grown h-BN with a high technological relevance. The current demonstration encourages studies on spin injection into other important materials such as semiconducting 2D crystals 34 and silicon. 35 In conclusion, we have fabricated non-local graphene spin transport devices using chemical vapor deposited hexagonal boron nitride tunnel contacts. Reproducible and robust non-linear tunneling characteristics with weak temperature dependence of the tunnel resistance have been observed over a chip scale. The resistances of the tunnel contacts are found to be in the comfortable range for spin injection into graphene, bypassing the conductivity mismatch hurdle. With tunnel contacts %10 kX, we observed a non-local resistance of 5 X, spin lifetime s % 500 ps, spin diffusion length k % 1.6 lm and a polarization %11% at 100 K. The spin transport measurements at different injection bias current and gate voltages confirms tunneling nature of spin injection through h-BN barriers. These results are extremely promising for a CVD grown 2D material considering its advantage for large scale fabrication. Our research further opens ways for investigation of spin filtering attributes of h-BN tunnel barriers and its implementation in spintronic devices. 
